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Recent Advancements in Bipolar Electrochemical Methods of Analysis 
Abstract 
The goal of this review is to provide an overview of the advancements made in the field of bipolar 
electrochemistry over the past 2 years, with an emphasis on analysis. Bipolar electrodes (BPEs) are 
versatile, and in electroanalysis, they have been used extensively to screen electrocatalysts(1−4) and to 
sense biomarkers.(5−10) Their ability to modulate local electric fields lends them to the manipulation of 
cells and to the enrichment and separation of analytes.(11−17) Finally, by virtue of the polar and often 
graded profile of the interfacial potential across BPEs, they provide a platform for synthesis of Janus 
particles, useful as sensors and as microswimmers(18−22) and other materials with compositional 
gradients.(23,24) BPEs are particularly well-suited to analytical challenges that demand multiplexing or 
amenability to point-of-need (PON) application because even large arrays of BPEs can be controlled with 
simple equipment yet yield quantitative information about a system. In this review, we discuss recent 
progress in reactions that transduce current to a visible signal, sensing mechanisms, bipolar 
electrochemical cell design, integration of bipolar electrochemistry with spectroscopic techniques, BPEs 
at the nanoscale, and the application of BPEs to electrokinetics and materials preparation. Throughout 
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The goal of this review is to provide an overview of the advancements made in the field of bipolar 47 
electrochemistry over the past two years, with an emphasis on analysis. Bipolar electrodes (BPEs) 48 
are versatile – in electroanalysis, they have been used extensively to screen electrocatalysts1–4 and 49 
to sense biomarkers.5–10 Their ability to modulate local electric fields lends them to the 50 
manipulation of cells and to the enrichment and separation of analytes.11–17 And finally, by virtue 51 
of the polar and often graded profile of the interfacial potential across BPEs, they provide a 52 
platform for synthesis of Janus particles, useful as sensors and as microswimmers,18–22 and other 53 
materials with compositional gradients.23,24 BPEs are particularly well-suited to analytical 54 
challenges that demand multiplexing or amenability to point-of-need (PON) application because 55 
even large arrays of BPEs can be controlled with simple equipment, yet yield quantitative 56 
information about a system. In this review, we discuss recent progress in reactions that transduce 57 
current to a visible signal, sensing mechanisms, bipolar electrochemical cell design, integration of 58 
bipolar electrochemistry with spectroscopic techniques, BPEs at the nanoscale, and the application 59 
of BPEs to electrokinetics and materials preparation. Throughout the discussion, we identify 60 
promising trends, innovative directions, and remaining challenges in the field.  61 
A BPE is a conductive object, such as a metal strip or bead, that facilitates electrically 62 
coupled faradaic reactions at its opposing poles. Unlike a conventional electrode, a BPE has a 63 
floating potential and lacks direct contact to a power supply. Therefore, its potential (𝐸"#$) floats 64 
to a value intermediate to that of the electrolyte it contacts. When the BPE is part of an electrolytic 65 
cell, a pair of driving electrodes applies a voltage bias across the electrolyte, resulting in the 66 
development of interfacial potential differences with opposite signs at the ends of the BPE as 67 
indicated in Scheme 1a. These interfacial potential differences are the anodic (𝜂&) and cathodic 68 
(𝜂') overpotentials available to drive faradaic reactions. The anodic (𝑖&) and cathodic (𝑖') currents 69 
are opposite in sign and equal in magnitude such that the current through the BPE, 𝑖"#$, is related 70 
to both by the equation, 𝑖"#$ = 𝑖' = −𝑖&. In this review, we will also discuss bipolar 71 
electrochemical systems that operate galvanically. Galvanic bipolar electrochemistry shares a 72 
common mechanism with corrosion – the BPE interconnects electrolytes that establish a potential 73 
difference poised by available half-reactions in each phase. The oxidation reaction occurs at a more 74 
negative potential than the reduction reaction, to which it is electrically coupled by the conductive 75 
substrate. Therefore, the net processes are spontaneous, and driving electrodes are not required.  76 
The concept of bipolar electrochemistry was first introduced in the 1960s by Fleischmann 77 
and coworkers, who described fluidized bed electrodes comprising Cu microscale particles, which 78 
they used in aqueous electrochemical reactors.25 BPEs were then popularized by Manz and 79 
coworkers in the early 2000s when they combined these electrodes with electrochemiluminescence 80 
(ECL), which reported the current, thereby allowing them to create electrochemical detectors 81 
compatible with the high electric field strengths and microscale compartments employed in 82 
micellar electrokinetic chromatography.26 Crooks and coworkers then established a theoretical 83 
framework for bipolar electrochemistry and broadened its application with a series of ground-84 
breaking advancements. They described the interplay of controllable experimental parameters such 85 
as the length of the BPE along the applied electric field with intrinsic features of electrochemical 86 
processes to determine signal intensity.27 This description was then further refined to account for 87 
the impact of the distribution of interfacial potential along the BPE and the threshold current 88 
required for ECL on the observed luminescence.28 Their work uncovered the potential for BPEs to 89 
be leveraged to form arrays of either identical sensors to achieve spatial mapping of analytes or 90 
sensors with distinct surface chemistries for multiplexed analysis.29,30 They then took advantage 91 
of the compatibility of BPEs with microfluidic length scales to drive the localized depletion of 92 
electrolyte ions required for electrokinetic enrichment and separation, which in the context of 93 
analysis, is particularly useful for sample preparation.14  94 
In this literature review, we summarize advancements in the field of bipolar 95 
electrochemistry that have been made over the past two years. Our discussion centers around BPEs 96 
as a tool for analysis and therefore covers the development of novel BPE configurations and their 97 
integration with sensing and reporting mechanisms, voltammetric methods, and spectroscopic 98 
techniques to address current challenges in sensing. For example, because BPEs are readily 99 
arrayed, shrinking their scale and boosting sensitivity is expected to allow for the characterization 100 
of single catalytic particles in parallel. We also examine advances in sample preparation methods 101 
that employ BPEs, including electrokinetic enrichment and separation of chemical species and the 102 
selective manipulation of biological cells by dielectrophoresis (DEP). There are many recent 103 
reports of the integration of existing bipolar electrochemical methods with a wide range of surface 104 
chemistries, especially in the context of biosensing. Since these advancements are made not to 105 
bipolar electrochemistry per se, they are not discussed in detail in this review.6,31 We begin with a 106 
brief overview of bipolar electrochemistry in both open and closed BPE configurations. The reader 107 
is referred to a few comprehensive review articles32–35 for a more thorough understanding of BPEs.  108 
 109 
1. Introduction to bipolar electrochemistry  110 
Bipolar electrodes are often classified into one of two configurations: open or closed. In 111 
the open configuration, depicted in Scheme 1b, the entire BPE occupies a continuous volume of 112 
electrolyte. A voltage bias applied across the electrolyte results in a potential gradient. As an 113 
equipotential object with a floating potential, the BPE adopts a potential intermediate to that of the 114 
electrolyte it contacts. This arrangement establishes an interfacial potential difference between the 115 
BPE and electrolyte, comprising both a cathodic overpotential (𝜂') and an anodic overpotential 116 
(𝜂&) available to drive faradaic reactions. These oxidation and reduction reactions are electrically 117 
coupled by the BPE, such that electrons transferred to the BPE during oxidation are supplied to 118 
the reduction reaction. This arrangement has two important implications: 1) the total overpotential 119 
(𝜂& + 𝜂') must be sufficient to drive both reactions simultaneously, and 2) the currents for anodic 120 
and cathodic processes are equal. In an open configuration, current can flow either through the 121 
electrode (electronic) or through the electrolyte (ionic). Therefore, these paths are represented as 122 
parallel resistors in the equivalent circuit model (Scheme 1c), and the current that flows through 123 
the BPE (𝑖"#$) is a fraction of the total current measured at the driving electrodes (𝑖+,+).  124 
In some applications, the electrolyte or reagents required at the opposing ends of the BPE 125 
are incompatible with one another. For example, the reagents used to transduce current to a visible 126 
signal at the anode may interfere with the chemical system interrogated at the cathode. In such 127 
cases, a closed BPE configuration can be employed. In the closed configuration, the two poles of 128 
the BPE are fluidically isolated by a barrier, which is typically an electrical insulator, as shown in 129 
Scheme 1d. An important distinction of the closed BPE system is that the interfacial potential is 130 
nearly uniform across the area of each of the poles, an outcome that contrasts the graded 131 
distribution at an open BPE. The equivalent circuit diagram (Scheme 1e) shows only one current 132 
path – all of the current must flow through the BPE(s). Therefore, in a closed configuration with a 133 
solitary BPE, 𝑖"#$ is equal to 𝑖+,+ and can be monitored at the driving electrodes.  134 
Driving electrodes are employed to induce a potential difference across the solution of a 135 
bipolar electrochemical cell. The potential available to drive faradaic reactions on a BPE 136 
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 140 
Where ∆𝐸+,+ is the potential applied between the driving electrodes, 𝑙'<&==./ is the length of the 141 
channel, and 𝑙./.'+0,1.  is the length of the BPE. To facilitate electrically coupled faradaic reactions 142 
on the opposing poles of the BPE, ∆𝐸./.'+0,1.  must be greater than the difference between the 143 
standard reduction potentials of the two reactions. The potential that must be applied for the onset 144 
of paired reactions on the BPE (∆𝐸,=>.+) can be estimated by Eq. 2: 145 
 146 
∆𝐸,=>.+ = (𝐸10@A.,'CD − 𝐸10@A.,&CD ) + (𝐸"#$,'CD − 𝐸"#$,&CD ) + 𝑖+,+𝑅>   (2) 147 
 148 
Where 𝐸10@A.CD  is the standard reduction potential for the reactions available to occur at the anodic 149 
(𝑎) and cathodic (𝑐) driving electrodes, 𝐸"#$CD  is the standard reduction potential for the anodic (𝑎) 150 
and cathodic (𝑐) reactions on the BPE, and 𝑅> is the solution resistance. For Pt driving electrodes, 151 
in the absence of other redox pairs, the oxygen and hydrogen evolution reactions occur at the anode 152 
and cathode, respectively, and thus the difference in their potentials is 2.06 V (1.23	𝑉 −153 
(−0.83	𝑉) = 2.06	𝑉). On the other hand, for Ag/AgCl driving electrodes, the difference in driving 154 
potential is 0 V, and therefore, they do not contribute to the power requirements of the system, nor 155 
do they generate unwanted gas bubbles. Finally, nonpolarizable electrodes such as Ag/AgCl have 156 
a sufficiently high capacitance that it can be ignored when placed in series with the capacitance(s) 157 
of the BPE(s), outlined in Eq. 3, which describes the total capacitance (𝐶+,+&/) for capacitors in 158 
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 162 
Where 𝐶"#$ is the capacitance of the BPE, and 𝐶0.Z is the capacitance of the reference electrode 163 
(in this case, the Ag/AgCl electrode). This feature is especially useful for the implementation of 164 
voltammetric methods requiring a short time constant.  165 
BPEs are advantageous because they are wireless, individually addressable, easily arrayed, 166 
and they can be controlled with a simple power source. As long as the electric field established by 167 
the driving electrodes is uniform, BPEs of the same dimensions will act identically in an array.28,30 168 
Additionally, each BPE can be treated with unique conditions (e.g., deposition of catalysts or 169 
aptamers). This attribute is highly useful for screening, multiplexed, or statistical applications 170 
because thousands of BPEs (and therefore experimental iterations) can be simultaneously 171 
controlled with a single power supply. However, because BPEs are wireless, there is no direct 172 
current readout from each BPE. Instead, the ability of BPEs to electrically couple two reactions is 173 
harnessed such that one reaction, the reporting reaction, transduces the current from the reaction 174 
of interest, the sensing reaction, to a visual signal. An overview of reporting reactions and their 175 
recent advancements is presented in the following section.  176 
 177 
2. Recent advancements in reporting reactions  178 
Strategies to improve the sensitivity and specificity of bipolar electrochemical methods 179 
often address the sensing pole of the BPE. For example, it has been shown that an increase in 180 
surface area on the sensing pole (relative to the reporting pole) leads to a proportional increase in 181 
sensitivity. This outcome has been achieved by using a larger geometric area27 or by introducing 182 
surface roughness with nanoparticles (NPs),36 a conductive porous material,37 or both.38 183 
Alternatively, sensitivity can be increased by adding a catalytic reaction to one pole in order to 184 
increase the current density.8,39 Another recent strategy developed in our laboratory to increase the 185 
current density from the sensing reaction is to perform redox cycling through interdigitation of the 186 
BPE sensing pole with the driving electrode.40 This approach has the advantage of being 187 
universally applicable to reversible faradaic processes. Selectivity is achieved by introducing 188 
specific interactions, such as a biorecognition agent. All of the strategies that focus on the sensing 189 
pole of the BPE are derived from those employed in conventional electrochemical cells – they are 190 
not unique to bipolar electrochemistry. However, the mechanisms by which current is reported are 191 
less commonly encountered, and their advancement is closely tied to the advancement of bipolar 192 
electrochemistry. 193 
ECL reactions are most often chosen as reporting reactions due to the sensitive 194 
proportionality of the current to luminescent signal and the simplicity of instruments required to 195 
detect the signal. An ECL reaction occurs when a faradaic reaction results in an excited state 196 
molecule that emits a photon upon relaxation. In aqueous systems, ECL is often accomplished 197 
with a pair of redox-active molecules. The most well-studied co-oxidation pair for ECL is 198 
Ru(bpy)32+ with tripropylamine (TPA), although other co-reactants such as oxalate derivatives,7,41 199 
2-(Dibutylamino)ethanol (DBAE),42–44 and N-butyldiethanolamine (NBEA)45 are also being 200 
investigated and are anticipated to improve sensitivity in the context of BPEs. Additionally, the 201 
luminescent reaction between luminol and hydrogen peroxide is often used as a reporting reaction, 202 
especially where hydrogen peroxide is the analyte or is a product of the sensing reaction.10,46–48 203 
Other luminescent compounds with increased conjugation have been investigated, such as the 204 
novel synthesis of a cyclometalated iridium(III) complex, which had an approximately 5-fold 205 
higher ECL efficiency with TPA co-oxidation than the Ru(bpy)32+/TPA pair.8 Additionally, 206 
quantum dots (QDs) have been utilized at closed BPEs as ECL reagents and have been shown to 207 
have high quantum yields and luminescence in non-aqueous environments.49,50 Similarly, certain 208 
water-soluble Au nanoclusters have been shown to exhibit ECL over wavelengths in the near-209 
infrared, which if used in the context of BPE-based sensors, could give them a relative advantage 210 
for sensing in biological tissues and other media that absorb visible light.51 211 
More recently, researchers have implemented multi-color ECL to confer greater selectivity 212 
to BPE-based sensors. A mixture of Ir- and Ru-based organometallic compounds allows for 213 
luminescence to occur at multiple wavelengths as a function of the applied potential.52,53 Not only 214 
can the concentration of the analyte be discerned from this approach, but also the identity of 215 
analytes because of the difference in driving potentials required to drive the coupled reactions 216 
between the analytes of interest and the ECL reactions. For example, an analyte that is difficult to 217 
reduce may be coupled to only those reporting reactions with a low oxidation potential, while a 218 
second analyte that is more readily reduced leads to luminescence spanning a wider range of 219 
wavelengths. The resulting luminescence spectrum can be deconvoluted to discern contributions 220 
from each. 221 
While ECL has several distinct advantages, its requirement for specialized reagents, 222 
sensitive optical equipment, and its restriction to the sensing of primarily reduction reactions are 223 
important limitations that have motivated the development of a wide range of versatile reporting 224 
mechanisms. Among the most prominent are fluorogenic reactions,3,54,55 electrochromic reactions 225 
(such as Prussian Blue (PB)56–58 or methyl viologen59,60), and the electrodissolution of thin metal 226 
films.1,2,61,62 Table 1 summarizes a selection of both established and recently developed reporting 227 
reactions and delineates the relative advantages of each. 228 
Bohn and coworkers recently developed a metamaterial-based reporting mechanism in 229 
which the reporting pole is fabricated with nanosphere lithography to form an Au nanoaperture 230 
array.63 This mechanism has the important advantage of being able to report the current arising 231 
from either an oxidation or reduction reaction. The transmission percentage of the array shifts with 232 
electrodeposition (or electrodissolution) of Ag on the Au film. The amount of Ag is correlated to 233 
the charge passed, and therefore, this nanoaperture array enables coulometric analysis of the 234 
analyte on the sensing pole. A key point is that the metamaterial acts as a permanent record of the 235 
bipolar coulometric experiment since the deposited Ag remains once the applied potential bias is 236 
removed.  237 
This advantage is shared with a method that uses anodic stripping of a thin metal film as a 238 
reporting reaction.1,2,62 However, unlike the thin metal film reporting mechanism, the metamaterial 239 
can be regenerated by simply etching off the accumulated Ag to expose the underlying Au film. 240 
Another important difference between these reporting mechanisms is that the thin metal film uses 241 
BPE length and its impact on ∆𝐸./.'+0,1.  to control the reaction rate – the reaction stops once the 242 
BPE length corresponds to ∆𝐸,=>.+. Therefore, the thin metal film is well positioned to quantify 243 
potential (when allowed to run until its stopping point), while the metamaterial is better suited to 244 
the quantification of charge. Chow and coworkers recently developed a bipolar electrochemical 245 
system, in which a thin film of Ag is stripped from an underlying Au BPE for coulometric detection 246 
of E. coli through electrochemical enzyme-linked immunosorbent assay (ELISA) at the cathode.64 247 
In this system, the length of exposed Au (e.g., 2.7 mm for 102 CFU/mL) was linearly correlated to 248 
the charge passed during a fixed 2-min time period over which the driving voltage was applied. 249 
Facile naked-eye readout and battery-powered operation make this method amenable to PON 250 
detection of foodborne pathogens. 251 
Kuhn and coworkers have recently devised an electromechanical reporting mechanism, in 252 
which a BPE, comprised entirely of polypyrrole, swells at the cathodic pole due to the reduction 253 
of the film and the concurrent intake of cations.65 The BPE was not supported on a solid substrate, 254 
and therefore, swelling led to deflection of its cathodic end. The 10 mm x 1 mm BPE deflected 255 
within seconds of driving potential application, and deflection measurements were taken after 1 256 
min. It was found that the distance that the film deflected was proportional to the concentration of 257 
glucose, the oxidization of which was catalyzed by glucose oxidase on the BPE anode. This 258 
approach has several distinct advantages, including a linear response, no need for special reagents, 259 
and, therefore, compatibility with a wide range of aqueous solutions, and the ability to be read out 260 
without fluorescence capabilities or the sensitive optical detection required for luminescence. The 261 
electromechanical response is expected to be scalable over micron to centimeter length scales, 262 
which holds potential for naked eye readout and provides flexibility in the scale of sensing 263 
environments. These features make these conductive-polymer BPEs an attractive candidate for 264 
PON sensing and for three-dimensional mapping of analyte concentration or electric field strength.  265 
There remains a need for more sensitive and versatile reporting reactions to address 266 
analytical challenges presented by applications such as multiplexed sensing of clinically relevant 267 
biomarkers, two- and three-dimensional electrochemical mapping, in situ analysis of 268 
electrochemical systems such as fuel cells, evaluation of chromatographic or electrophoretic 269 
separations, and single-entity or single-cell electrochemistry. Therefore, we anticipate that their 270 
development will continue to persist alongside bipolar electrochemistry. Particularly impactful 271 
future advancements could include the commercialization of solid-state materials capable of ECL 272 
that can be readily coated on BPEs to increase versatility and access, high-efficiency processes 273 
suited to single-entity sensing, reactions that emulate AC-to-DC conversion (AC current to DC 274 
signal), and approaches that incorporate cascade, gate, or trigger amplification schemes. Also 275 
reviewed here are sensing schemes in which the formation of a gas bubble at a BPE influences ion 276 
transport at the tip of a nanopipette. These reports hint at the potential utility of gas bubbles as a 277 
means to transduce electrical current into a change in ionic current, fluidic resistance, or a visible 278 
signal. We next shift our focus to recently developed sensing mechanisms in the context of BPEs. 279 
 280 
3. Sensing mechanisms in which biorecognition leads to a change in resistance 281 
 The amenability of BPEs to multiplexing, parallel analysis of single entities (e.g., cells or 282 
enzymes), and PON application makes them especially attractive for bioanalysis. However, in 283 
these contexts, the presence of important biomarkers in the range of aM to nM concentrations can 284 
preclude their direct detection and demands amplification and the development of indirect 285 
detection strategies, in which the presence of the analyte causes a change in a system-wide 286 
property. Several recently reported BPE-based sensors link a biorecognition event to a change in 287 
charge transfer resistance or in the resistance of the BPE itself. For example, in an electrochemical 288 
aptasensor, the configuration of a redox-labeled aptamer changes upon binding of an analyte, such 289 
as a protein, small molecule, or metal ion. This change in configuration leads to modulation of 290 
both the distance of the redox label from the electrode surface and the flexibility of the aptamer, 291 
thereby markedly increasing (or decreasing) the current due to the change in electron transfer 292 
resistance.10,36,39,43,46,66 The integration of electrochemical aptasensors with bipolar 293 
electrochemistry holds promise for multiplexed detection of several classes of analytes.  294 
 Such an aptasensor was recently incorporated onto the cathode of a closed BPE by White 295 
and coworkers.57 The methylene blue (MB)-tagged aptamer changed conformation upon binding 296 
of adenosine triphosphate (ATP) or tobramycin, thereby decreasing charge transfer resistance, as 297 
shown in Figure 1a. As a result, at the anode, the rate at which Prussian white (PW) was oxidized 298 
to PB was increased. However, the coverage of MB moieties on the cathode was insufficient to 299 
provide the current needed for rapid and complete color change at the anode. To address this 300 
shortcoming, the authors incorporated an amplification strategy,67 in which ferricyanide is added 301 
to the solution in contact with the BPE cathode to catalyze the regeneration of MB from its reduced 302 
form, leucomethylene blue (LB). This approach augments the signal from each binding event, 303 
thereby enhancing sensitivity, and is generalizable to a wide range of sensors that utilize MB-304 
tagged biorecognition agents. The PB-aptasensor BPE and the catalytic mechanism are amenable 305 
to multiplexing and are particularly advantageous for PON applications – an array of BPEs can be 306 
powered by a DC power supply, and smartphone imaging can be used to evaluate the rate of the 307 
color change, yielding a clear result in a matter of minutes.  308 
Wu and coworkers harnessed the internal resistance of the BPE itself to detect thrombin 309 
via its binding to an aptamer-based sensor bridging the two poles of the BPE.68 The authors first 310 
conducted a fundamental study to quantify the impact of several experimental variables, including 311 
the internal resistance of the BPE, on the rate of electrochemical reactions. They characterized a 312 
single BPE by monitoring the current obtained at the driving electrodes during cyclic voltammetry. 313 
A variable resistor was placed between the two poles of the closed BPE, which comprised two 314 
glassy carbon electrodes (GCE) in separate beakers, each filled with an electrolyte containing the 315 
ferri-/ferrocyanide redox couple. When the added internal resistance was zero, it was found that 316 
both the concentration of the ferri-/ferrocyanide solution and the scan rate independently impacted 317 
the peak-to-peak separation implying that other series resistances in the cell contributed to ohmic 318 
loss. This peak separation increased further with added internal resistance to the BPE.  319 
This property was then utilized to detect thrombin; the variable resistor was replaced with 320 
a sensor for which resistance was positively correlated to the concentration of thrombin. The sensor 321 
consisted of two thin-film indium tin oxide (ITO) electrodes spaced 500 μm apart on a glass 322 
substrate. The ITO electrodes were bridged by a layer of chitosan that was coated with an aptamer 323 
to thrombin. During sensing, this construct was incubated first with the sample solution, allowing 324 
thrombin to bind to some fraction of the surface-immobilized aptamers, and then with Au NP-325 
tagged DNA, which hybridized to the unoccupied aptamers. Finally, the diameters of the AuNPs 326 
were enlarged by electroless deposition of Ag. These NPs created conductive bridges between the 327 
ITO electrodes. The fraction of the aptamers occupied by thrombin caused the resistance of the 328 
BPE to increase, which in turn augmented peak-to-peak separation of the cyclic voltammogram 329 
(CV). This concept, demonstrated here with a single BPE, has the potential to be extended to an 330 
array of such sensors, which would utilize an optical signal from a reporting reaction, such as the 331 
peak potential for ECL, as an indicator of the resistance of each BPE. Due to the versatility of 332 
aptamers, such an array can be adapted for multiplexed detection of several classes of analytes.  333 
Sensing mechanisms in which the analyte modulates charge transfer resistance or the 334 
resistance of the BPE itself are especially sensitive because a biorecognition event leads to a 335 
change in a system property. In the recent examples described here, aptasensors were chosen 336 
because they have several distinct advantages: they facilitate the detection of electrochemically 337 
inactive compounds, are highly stable during storage, can be regenerated, and can be tailored to 338 
several classes of analytes. In combination with BPEs, they hold promise to accomplish 339 
multiplexed detection in PON applications. However, they often require incubation times on the 340 
order of several hours and preparation methods that require several steps.  Innovative methods for 341 
decreasing the time required to bind the analyte to the sensor, such as enhanced mass transport of 342 
the analyte to the surface of the sensor, are needed. In both of the examples discussed here, the 343 
sensitivity of the method is limited by background signal arising from free biorecognition sites – 344 
unbound MB-tagged aptamers yield non-zero faradaic current, and a few missing AuNPs is not 345 
anticipated to yield a significant drop in conductance. Resistive sensing mechanisms could achieve 346 
enhanced sensitivity by several strategies: 1) miniaturization so that each binding event has greater 347 
impact,69,70 2) integration with AC voltammetric methods at BPEs to decrease background signal,71 348 
3) combination with amplification schemes such as the toe-hold switch of gene circuits,72 and 4) 349 
adoption of other highly effective resistive sensing mechanisms to create, for example, field-effect 350 
transistor BPEs in which the poles are the source and drain.  351 
 352 
4. Potential gradient established by ohmic loss across a BPE array or within the BPE itself 353 
A fundamental principle of bipolar electrochemistry is that ohmic loss in an electrolyte (often 354 
aqueous) supports a gradient in electrical potential, which induces an interfacial potential 355 
difference along the length of a conductor (typically metallic). In an open BPE system, the 356 
interfacial potential difference varies regularly along the length of the electrode, such that an 357 
oxidation reaction (or reactions) occurring over a range of potentials supply electrons to a cathodic 358 
process, similarly driven at a multiplicity of rates. In contrast, at a closed BPE, a single interfacial 359 
potential is established at each pole. Therefore, using these conventional BPE configurations, the 360 
steady-state voltammetric response arising from a faradaic process at each of several individual 361 
potentials cannot be observed simultaneously and continuously.  362 
Hillier and coworkers addressed this challenge, in a 3-electrode cell, by employing resistive 363 
loss across an ITO film to apply several distinct potentials to overlying strips of a Pt thin film.73  364 
They used this construct, in concert with scanning electrochemical microscopy (SECM), to study 365 
the impact of gradual changes in the Pt surface on the catalytic activity as a function of potential. 366 
Such a technique adapted to bipolar electrochemistry would not require an ancillary technique 367 
(such as SECM) to monitor the current at each potential. However, at BPEs, either a range of 368 
potentials is mixed (open BPE), or only a single potential is sampled (closed BPE).  369 
Recently, our group developed an array of closed BPEs configured as a ‘ladder’ 370 
interconnecting two microfluidic channels that have a driving electrode in each outlet.74 The BPE 371 
cathodes are contacted by a flowing solution containing a redox-active analyte, while the BPE 372 
anodes are exposed to a quiescent solution of ECL reagents. When a constant voltage is applied, 373 
the luminescence intensity at each BPE anode relays the steady-state current resulting from each 374 
of several distinct potentials experienced by the BPE cathodes. This simultaneous and continuous 375 
sampling of the current-potential (i-E) curve can be attained due to the geometry of the ladder 376 
device: an iR drop occurs between consecutive BPEs because of their increasing distance from the 377 
driving electrode and the resistance of the electrolyte-filled channel. Each iR drop is the product 378 
of the solution resistance and the ionic current in that channel segment. The distribution of the 379 
resulting luminescence can be used to construct a steady-state linear sweep voltammogram. This 380 
technique is valuable for continuous monitoring of a reaction, such as electrocatalysis, at several 381 
potentials, or for obtaining voltammetric information about a spatiotemporally varied sample, such 382 
as the effluent of a chromatographic separation. A limitation of this technique is that the 383 
distribution of the potential along the BPE array depends on the current at each BPE, and therefore, 384 
the i-E curve shows unexpected features such as a shift in half-wave potential with analyte 385 
concentration. Future iterations of this method under development in our laboratory will address 386 
this issue. 387 
As shown in Figure 1b, Xu and coworkers have developed a single electrode electrochemical 388 
system (SEES),75 which shares advantages with bipolar electrochemistry but uses a resistive loss 389 
mechanism similar to that employed by Hillier. While not a traditional bipolar electrochemical 390 
system, we feel that the electrochemistry overlaps sufficiently between a SEES and BPE to warrant 391 
conversation here. A SEES differs from a BPE because the driving potential is applied to a single 392 
resistive electrode (such as a thin film of ITO), causing a potential drop along its length, whereas, 393 
in a bipolar electrochemical system, the driving potential is applied to the electrolyte solution. 394 
Despite this difference, the SEES is similar to bipolar electrochemistry in three ways: 1) paired 395 
faradaic reactions simultaneously occur on each pole of the electrode, 2) the electrode can be 396 
multiplexed without the use of additional leads, and 3) an ECL reporting reaction is used to 397 
transduce the current of the sensing reaction. Notably, a SEES can be divided into an array of 398 
independent bipolar patches by placing a gasket with an array of openings over the ITO slide.75 399 
Each microelectrochemical cell acts independently because current from each anode will flow only 400 
to the nearest cathode. Such an array was utilized to demonstrate multiplexed detection of 401 
hydrogen peroxide, uric acid, and glucose coupled to luminol ECL. The working principle of the 402 
SEES circumvents several limitations of conventional BPEs through the removal of the 403 
solution/driving electrode interface (and its associated time constant), creation of a potential profile 404 
independent of the composition (or phase) of the electrolyte, and arrayed operation that does not 405 
require electrode patterning and is compatible with an overlying microwell structure. 406 
The BPE ladder array and SEES provide recent examples of advancements in bipolar 407 
electrochemistry that demonstrate how novel uses of ohmic loss allow for the implementation of 408 
steady-state voltammetry at BPEs and for greater flexibility in device design. It is anticipated that 409 
these concepts will be expanded upon by interfacing conductive and semiconductive electrodes 410 
with gas, liquid, and solid-phase electrolytes having compositions suited to specific applications 411 
in energy, materials, and analysis. 412 
 413 
5. Alternative methods to apply the driving voltage 414 
PON applications motivate the development of methods to power bipolar electrochemical 415 
systems without the need for an electrical outlet. Several innovative ways to generate a driving 416 
voltage have been demonstrated over the past several years, including the use of junction 417 
potentials,76 galvanic (self-powered) BPEs,77,78 spontaneous reactions at driving electrodes (called 418 
cascade BPEs),79,80 and wireless energy transfer.47 For example, miniaturized reverse 419 
electrodialysis patches generate a junction potential and have been used to supply power for 420 
bipolar electrochemistry. These patches are composed of alternately stacked cation and anion 421 
exchange membranes, which separate empty and salt-filled compartments. The stacks can be 422 
stored dry, and then, after water is added, a junction potential develops due to unequal transport of 423 
ions through the selective membranes by diffusion in response to concentration gradients.76 As 424 
another example, Wang and co-workers developed a self-powered BPE array, in which paired 425 
spontaneous reactions occur on the BPE when the standard reduction potential of the reduction 426 
reaction is sufficiently more positive than that of the oxidation reaction.77 In one such case, PB 427 
film was reduced (+0.35 V vs. Ag/AgCl), becoming colorless, when coupled to the enzyme-428 
mediated oxidation of glucose (-0.06 V). While these methods are effective, their application is 429 
limited in that junction potentials achieve only modest voltages (hundreds of millivolts), and 430 
spontaneous bipolar electrochemistry places strict requirements on the reduction potentials of the 431 
sensing and reporting reactions. Two of the most recently reported approaches to achieve 432 
‘wireless’ power – cascade BPEs and wireless energy transfer – seek to address these limitations 433 
and are discussed in detail below.  434 
Maksymiuk and coworkers have developed a series of self-powered BPE devices.78–80 In 435 
2018, they introduced a spontaneous ion-selective sensor for K+ ions utilizing a BPE with a two-436 
step fluorometric readout mechanism.78 The ion-selective electrode (ISE) membrane covered the 437 
BPE cathode, which consisted of a GCE coated with a polypyrrole layer, while the BPE anode was 438 
a Zn wire. The oxidation of Zn was paired with the reduction of polypyrrole. The open circuit 439 
potential of the BPE was sufficiently large to induce spontaneous charge transfer (a galvanic cell). 440 
An increased K+ concentration at the ISE-BPE pole generates an even larger open circuit potential, 441 
which results in a faster rate of charge transfer and Zn oxidation. After removing the BPE from 442 
the electrolyte, the amount of charge transferred was determined by adding a fluorescent reactant 443 
that complexed with Zn2+ ions in this solution. The described sensor was more sensitive than 444 
conventional potentiometric experiments due to the paired fluorogenic reaction, and they were 445 
able to access a wide range of potentials on the K+-selective cathode by coupling it to the facile 446 
oxidation of Zn. However, the two-step reporting reaction was inconvenient and therefore, still 447 
presents a limitation to the broad applicability of this method.  448 
In 2019,  Maksymiuk and coworkers went on to create a more versatile sensor by moving 449 
the spontaneous reactions to driving electrodes.80 In this configuration, spontaneous reactions on 450 
one BPE, acting itself as the driving electrodes, are used to provide the driving potential for non-451 
spontaneous reactions on another BPE. The BPE from their earlier work (K+-ISE paired with Zn) 452 
served as the ‘driving BPE’, while a ‘sensing BPE’ was separately designed to detect either 453 
ascorbic acid or hexacyanoferrate(II) ions at the anodic pole. In this study, an improved reporting 454 
scheme was also introduced, in which a doped polymer (poly(3-octylthiophene)) coated the 455 
cathodic pole of the sensing BPE and fluoresced upon its reduction. The fluorescence intensity 456 
was determined to be positively correlated to the concentration of the analyte of interest. Lastly, 457 
in 2020, this same group demonstrated another cascade BPE system, in which the sensing BPE 458 
comprised a newly developed ion-selective anode for Cl-. As before, the potentiometric response 459 
was successfully transduced to a fluorescent signal without an external power source.79 These 460 
recent advancements reported by Maksymiuk and coworkers demonstrate impressive progress in 461 
the development of self-powered BPEs.  462 
 In addition to self-powered devices, an alternative method of driving potential application 463 
has been developed involving a wireless energy transfer device coupled to a SEES. This 464 
configuration, reported by Xu and coworkers, is depicted in Figure 2a.47 Wireless energy transfer 465 
devices are commonly used to charge cell phones and electric toothbrushes. In this application, a 466 
DC voltage is applied to the wireless energy transfer module, which outputs an AC voltage to a 467 
copper coil. A second copper coil is connected to the SEES device, which consists of an ITO 468 
coated glass slide with a polyethylene terephthalate (PET) reservoir. The SEES facilitated the 469 
reduction of hydrogen peroxide and dissolved oxygen paired with the oxidation of luminol with 470 
hydrogen peroxide in the open well. A diode was added to the circuitry of the SEES device to 471 
convert the AC current to DC current to improve the ECL efficiency. The sheet resistance of the 472 
ITO electrode was studied as an experimental variable, and it was found that a higher resistance 473 
of 500 Ω per square yielded the brightest ECL response. We anticipate that wireless energy transfer 474 
could be utilized similarly with a traditional BPE array device, and that the AC potential could be 475 
harnessed for periodic signal techniques.  476 
These alternative methods for applying a driving voltage offer exciting possibilities because 477 
the BPE-based device no longer requires connection of the device to an electrical outlet. While a 478 
junction potential, galvanic reaction, or coupling to a spontaneous reaction truly require no outside 479 
power source, they have the inherent disadvantage that the voltage applied decays with time as the 480 
processes driving these reactions approach equilibrium. This decaying potential bias could be 481 
addressed by utilizing reactions for which the reagents maintain constant activity until consumed, 482 
which is the design principle behind reference electrodes and most batteries. In a similar manner, 483 
the reverse electrodialysis device maintains a more constant junction potential if the ions entering 484 
the low concentration compartment interact to form a precipitate, thereby ensuring steep 485 
concentration gradients. The wireless-energy transfer device, on the other hand, provides a 486 
constant driving voltage but still requires an electrical connection to a power source. These 487 
approaches are highly tailorable for any number of sensing applications and are promising for PON 488 
applications.  489 
 490 
6. Methods to obtain periodic signals from BPEs 491 
 Periodic signals are useful for analytical techniques because they improve detection limits. 492 
For example, signal-to-noise ratios can be improved with a continuously oscillating signal, as each 493 
oscillation serves as a repeat measurement and is therefore conducive for signal averaging. 494 
Additionally, in certain scenarios, periodic signals aid in data analysis because the amplitude of 495 
the signal yields the background-subtracted response. In general, low frequencies (about 1,000 Hz 496 
or lower) are used in AC voltammetric methods to yield background-subtracted responses. At 497 
higher frequencies, kinetic information can be gleaned from the electrochemical system. 498 
 One of the greatest challenges for obtaining a periodic signal from a BPE is the time 499 
constant associated with charging both the driving electrodes and the BPE. An innovative approach 500 
to address this challenge involves the rotation of the electrode. If a BPE is rotating in an open 501 
configuration under a sufficient applied potential bias, paired faradaic reactions will occur most 502 
easily when the BPE is parallel to the potential gradient generated by the driving electrodes. These 503 
reactions will progressively slow as the BPE approaches a perpendicular orientation to this electric 504 
field due to the resulting decrease in the interfacial potential difference between the BPE and the 505 
solution. In this configuration, each pole of the BPE acts as both a cathode and an anode during 506 
the course of one full rotation.  507 
Rotation has been achieved in the past through bubble formation; however, the rotational 508 
speed is limited in these studies.18 Schumann and coworkers reintroduced the principle of rotation 509 
in 2017 with their alternating bipolar electrochemistry, where a BPE was placed on a rotator to 510 
induce rotation of the electrode in a luminol solution.81 The BPE pole closest to the cathodic 511 
driving electrode facilitates the ECL reaction, and so luminescence occurs twice on the BPE for 512 
every rotation, where a maximum of 100 rpm was obtained in this configuration. Sojic and 513 
coworkers took this configuration a step further and used magnetic fields to induce contactless 514 
rotation of the BPE, described in Figure 2b.82 Rotation rates of 255 rpm were achieved, and it was 515 
suggested that with improved detectors, higher rotations could be obtained. The ECL response was 516 
improved relative to a quiescent solution with this configuration because convection increases 517 
mass transport of the limiting reactant to the electrode surface, thereby increasing the luminescent 518 
signal. Additionally, signal averaging is easy to accomplish due to the oscillating nature of the 519 
signal.   520 
To achieve a signal that was not dependent on a multi-step co-oxidation ECL reaction, 521 
Bouffier and coworkers utilized a light-emitting diode (LED) as a magnetically rotating BPE.83 522 
LEDs with ferromagnetic leads can be used for magnetic rotation. Due to the electronic nature of 523 
the LED, the device lights up only once per rotation, but by placing a second LED in the opposite 524 
conformation back-to-back with the first LED, two events per oscillation can be achieved. These 525 
rotating BPE configurations are beneficial because the solution is continuously stirred, and in the 526 
future, they can be adapted for multiplexed signaling with the use of several LED colors and 527 
distinct turn-on voltages.  528 
Rotation of the BPE is a straightforward approach by which to achieve a periodic signal, 529 
and only simple equipment – a magnetic stir plate and power supply – is required. Moreover, the 530 
intrinsic stirring mitigates limitations from mass transport. However, beyond the simplistic usage 531 
of the BPE for sensing, data analysis for this technique becomes complicated. The signal must be 532 
recorded and analyzed for a rotating object, and additionally, the potential distribution along the 533 
BPE is dependent upon the electrode orientation. Therefore, the amplitude of the alternating 534 
potential varies with this angle and the position along the BPE. Some of these challenges are 535 
addressed by applying an alternating potential to the driving electrodes instead of rotating the BPE. 536 
The Shannon group demonstrated this principle by applying a square wave potential to the 537 
driving electrodes of a closed bipolar electrochemical cell, which had ECL reagents in the 538 
reporting compartment and a solution containing ferricyanide or monolayers of MB-tagged DNA 539 
at the sensing pole.7 In this configuration, during the forward cycle of the square wave, oxidation 540 
occurs on the BPE pole in the reporting compartment so that luminescence is generated. On the 541 
reverse cycle, the reactions on the BPE poles reverse, and no luminescence is observed, while the 542 
reagents required for the forward cycle are regenerated. In this approach, luminescence does not 543 
occur during the full forward cycle because the signal is limited by mass transport. An improved 544 
signal-to-noise ratio versus a DC amperometric measurement was demonstrated because the ECL 545 
signal is averaged over several cycles.   546 
Our group investigated a method to obtain more detailed information from the 547 
electrochemical system by applying an oscillating voltammetric technique to a BPE: AC 548 
voltammetry. This application of a periodic driving voltage is different from the square wave 549 
application summarized above because the constant AC potential was superimposed over a 550 
sequentially stepped DC potential. Under these conditions, the BPE poles do not alternate in their 551 
roles as cathode and anode. By using a split BPE, for which the two poles were interconnected via 552 
an ammeter, the current was compared with the oscillating luminescent signal, and the two were 553 
found to be in good agreement. In an effort to mitigate the time constant associated with charging, 554 
Ag/AgCl electrodes were used as the driving electrodes (see the discussion of Eq. 3). The current 555 
associated with the charging of the electrodes is also mitigated in this technique because the 556 
amplitude of the oscillating signal is analyzed, which subtracts much of the background signal. 557 
We anticipate that the impact of this charging current will be eliminated by combining our 558 
voltammetric approach with the square wave oscillation employed by the Shannon group to drive 559 
square wave voltammetry (SWV) at a BPE.  560 
The application of a periodic potential directly to the driving electrodes lends itself to a 561 
simple configuration, in which a closed bipolar electrochemical cell can be used, and the reporting 562 
and sensing solutions are fluidically separated. A constant and predictable potential profile and 563 
amplitude are applied to the BPE in these techniques, and the signal analysis is straightforward. 564 
However, the techniques are limited in the frequency that can be achieved due to the time constant 565 
associated with charging both driving and bipolar electrodes, as well as the ability of the reporting 566 
reaction to respond to transient events. High-frequency signals are desirable for analytical 567 
applications of BPEs not only for the associated improvement in signal-to-noise ratio but also for 568 
yielding information about kinetics and impedance that can discriminate among chemical species 569 
and distinguish their environments. We anticipate that innovation will continue in this area and 570 
that important advancements will include development of a wider range of periodic bipolar 571 
electrochemical methods, integration of these methods with biosensing approaches that benefit 572 
from alternating or pulsed voltage, and extension of such methods to arrayed BPEs. Finally, new 573 
approaches for mitigating or circumventing the limitations of double-layer charging are most 574 
needed for this field.  575 
 576 
7. BPEs in paper-based devices  577 
Electrochemical paper-based analytical devices (ePADs) are of recent interest because they 578 
are inexpensive, sensitive, and are designed for sensing at the PON. BPEs are particularly useful 579 
in ePADs because they can be multiplexed, offer a visual readout, and are driven by a simple 580 
power supply. A recent excellent review article on the topic of ePADs has been published by Henry 581 
and coworkers, and the reader is referred to this article for a more detailed analysis of this entire 582 
field.84 In the context of BPE-ePADs, Zhang and coworkers exemplified the first multiplexed 583 
sensor for glucose and hydrogen peroxide in 2018. This ePAD featured an ECL readout at two 584 
screen-printed carbon BPEs in a closed configuration accomplished with a wax barrier.85 BPE-585 
based ePADs are often designed to detect biologically relevant compounds, and therefore, such a 586 
closed configuration is frequently employed in this context to separate sensing and reporting 587 
reactions. The sensitivity of BPEs in paper-based devices is even lower than that of traditional 588 
BPEs because paper-based electrodes tend to have higher internal resistance, and therefore, 589 
advancements in the field of BPE-ePADs have focused on improving sensitivity through the 590 
addition of NPs39,66 or amplification reactions to the BPE.46 Enrichment of small molecules, 591 
proteins, and nucleic acids by electrokinetic focusing has also been accomplished by bipolar 592 
electrochemistry in an ePAD.86 This approach leads to greater sensitivity during fluorescence or 593 
colorimetric readout and holds the potential for integration with amperometric detection. 594 
Advancements to BPE-ePADs made over the last two years include an amplification scheme for 595 
nucleic acid detection66 and the integration of an electrochromic reporting reaction87 into a BPE-596 
ePAD. These recent developments are summarized below. 597 
Ge et al. introduced a paper-based device that employed a double amplification system – a 598 
double hairpin assay and a catalytic reaction – to sensitively detect micro-ribonucleic acid 599 
(miRNA) in a concentration range that is relevant for clinical applications.66  The device had Au 600 
NPs impregnated in the paper to form the BPE, and ECL was used as the reporting reaction. A 601 
double hairpin assay was performed on the sensing pole for miRNA-155 detection. The double 602 
hairpin assay, outlined in Figure 3, was performed as follows: hairpin 1 (H1) was bound to the Au 603 
BPE cathode, and mercaptohexanol (MCH) blocked non-specific binding sites; after incubation, 604 
the target miRNA bound to H1, and the hairpin structure opened. Then, hairpin 2 (H2) displaced 605 
the miRNA bound to H1 because H2 hybridized more strongly to H1 than to the target. Therefore, 606 
the miRNA were free to open other H1 units on the sensor. Lastly, AuPd NPs modified with a 607 
strand (S1) complementary to the end of H2 were added to the system. In the presence of the AuPd 608 
NPs, hydrogen peroxide reduction was facilitated at the BPE. The ECL intensity reported the 609 
current due to the hydrogen peroxide reduction, and thus, the signal from miRNA-155 was 610 
amplified. This device notably utilized Au NPs acting collectively as a BPE and a double 611 
amplification system to detect biological compounds at relevant concentrations, all in a disposable 612 
paper-based sensor.  613 
Another interesting advancement of BPE-ePADs was the addition of an electrochromic 614 
reporting reaction instead of the more commonly used ECL reaction. In this innovative approach 615 
by Hemmateenejad et al., the reactants required for the PB reaction are individually dropped and 616 
dried on the paper reservoir for the reporting reaction.87 This reservoir was in contact with a pencil-617 
drawn BPE such that the BPE current could be utilized to oxidize or reduce the PB. The authors 618 
employed this system to separately detect hydrogen peroxide and glucose, and they used a 619 
smartphone for both image capture and analysis. Analysis was accomplished utilizing a MATLAB 620 
app, in which the color change of the PB was quantified. The design of this paper-based BPE 621 
sensor is particularly useful for PON applications, from the inexpensive materials used for 622 
construction to the simple instruments required for quantitative analysis.  623 
Paper-based bipolar electrochemistry is an evolving field that will continue to be pursued 624 
because of the synergistic benefits of BPEs and ePADs. These BPE-ePADs can be tailored for any 625 
number of PON sensing applications, and further research will continue to improve the materials 626 
for construction and the sensitivities that can be obtained with such inexpensive sensors. An 627 
important future direction for ePADs is multiplexing, and BPEs are poised to meet this need in a 628 
way that decreases demands on portable and low-cost potentiostats. An integral part of this 629 
advancement will be the evaluation of reporting reactions for compatibility with pencil/pen drawn 630 
and ink-jet, screen, and stencil printed electrodes or impregnation of paper or electrode materials 631 
with reporting reagents.84 632 
 633 
8. Non-liquid electrolytes  634 
In bipolar electrochemistry, the electrolyte in which the BPE is immersed is most often a 635 
liquid. However, there have been reports where a gaseous or solid electrolyte is used to facilitate 636 
paired redox reactions on a BPE. In fact, BPEs were used with waste gas in the 1990s to recover 637 
sulfur from sulfur dioxide as a way to diminish environmental decontamination and to increase the 638 
economic value of the industrial process.88 Bipolar electrochemistry in non-liquid electrolytes has 639 
distinct characteristics from that conducted in a liquid electrolyte because of the differences in 640 
rates of transport of ionic species, and so fundamental characterizations of these processes are 641 
necessary. Several recent advancements that have been made in the field of solid-state bipolar 642 
electrochemistry, as well as a revival of gaseous bipolar electrochemistry, are described below.  643 
A majority of the recent progress in the field of polymer light-emitting electrochemical 644 
cells (PLECs) came from the advancements of Hu and Gao, which were recently summarized.89 645 
Light-emitting electrochemical cells are favorable for the development of low-cost lighting and 646 
display applications, and PLECs contain a film comprising a luminescent conjugated polymer, 647 
solid polymer electrolyte, and a salt.90 In their work, BPEs are deposited on top of such a polymer 648 
film (Figure 4a), the reduction of which forms p-doped regions and oxidation of which forms n-649 
doped regions. As doping progresses, these conductive regions of the polymer become extensions 650 
of the BPE, and a hybrid metallic-polymeric BPE results.  651 
Hu and Gao first showed that these hybrid metal-polymer BPEs can be formed using an 652 
array of Ag ink-jet printed spots on a native (undoped) polymer film as BPEs, from which the 653 
polymeric portion of the BPEs grew under an applied potential, heat, and an ultraviolet (UV) 654 
excitation wavelength.90 Later, they demonstrated that the polymer portion of the BPEs could 655 
alternatively be formed on-demand with laser control without a metallic BPE present. In this 656 
approach, a localized increase in conductivity is induced by photo-absorption caused by the laser. 657 
In the presence of an applied electric field, these conductive areas act as BPEs and drive redox 658 
doping.91  659 
In a separate study, they determined the impact that the type of metal forming the initial 660 
BPE had on polymer formation. Hu and Gao found that the extent of polymer doping and the ratio 661 
of the p- to n-doped areas was consistent with the work function of the metal.92 Lastly, the impact 662 
of the identity of the salt on the polymer was investigated, and they found that the cation more 663 
greatly impacts the doping process such that for Li+, Na+, and K+, the n/p area ratio was 0.24, 0.78, 664 
and 2.2, respectively. This dependency was attributed to the rate of cation transport through the 665 
film during doping.93 The authors propose that these polymer-BPE platforms can be used to screen 666 
photoconductors for photovoltaic applications and to screen luminescent conjugated polymers for 667 
their electron/hole properties.  668 
Another example of a non-liquid electrolyte includes the work by Prodromidis and 669 
coworkers, who utilized a hydrogel as the electrolyte for the reporting reaction of a BPE-based 670 
sensor for antioxidants.94 In this battery-operated device, a potentiometer was used to apply a series 671 
of distinct driving voltages so that the onset voltage for the reporting reaction could be determined 672 
and correlated with antioxidant capacity (via the concentration of H2O2 remaining for 673 
electrochemical oxidation). The onset voltage was determined by eye when the phenolphthalein-674 
impregnated hydrogel on the cathodic reporting pole locally changed color due to OH- generation. 675 
The initial color of the hydrogel could be restored upon switching of the driving electrode poles. 676 
Due to the slower diffusion of ions in the hydrogel, only a small area around the BPE changed 677 
color, unlike the response that the same indicator would have in a liquid. The addition of the 678 
hydrogel increased the portability of the sensor for in-field measurements because separate 679 
solutions and reagents were not needed.  680 
 On the other side of the phase diagram, a gaseous electrolyte was used in conjunction with 681 
a BPE for the first time by Lisak and coworkers to study corrosion arising from condensing acidic 682 
vapors.95 Several steel materials that were candidates for use in power boilers were screened to 683 
determine the response of the steel under corrosive conditions. In this configuration, shown in 684 
Figure 4b, sulfuric acid was heated in a large beaker, and each steel sample was placed on a Teflon 685 
pedestal such that the sample surface was only exposed to the vapors and not to the bulk solution. 686 
Upon application of a driving voltage to the acidic electrolyte, the steel sample acted as a BPE, 687 
and both oxidative and reductive corrosion could be observed simultaneously. The application of 688 
the driving voltage simulated corrosion at a faster rate than the naturally occurring galvanic process 689 
so that the longevity of the samples could be quickly screened.  690 
 These three examples of non-liquid electrolytes interfaced with BPEs demonstrate an 691 
expansion of the applications available to bipolar electrochemistry. Hydrogel and polymer 692 
electrolytes can increase the portability of electrochemical devices without the need for sealing 693 
and can be used to screen a wider range of compounds. Meanwhile, gaseous electrolytes are 694 
promising candidates for industrial applications or for fuel cells. Although the examples 695 
summarized herein are specific to select applications, there is room for the development of other 696 
solid and gaseous electrolyte compositions. Additionally, a more thorough investigation into the 697 
fundamental differences that these electrolytes have in the context of bipolar electrochemistry is 698 
needed. 699 
 700 
9. Imaging applications of BPE arrays 701 
BPEs are uniquely desirable for imaging purposes because, once arrayed, each BPE 702 
simultaneously acts wirelessly to display one pixel of the electrochemical response of the analyte. 703 
This feature vastly improves the temporal resolution of electrochemical imaging, compared to 704 
completing a raster with a single electrode tip across a surface. Zhang and coworkers first 705 
demonstrated the use of BPEs for imaging using a fluorogenic reporting reaction with their method 706 
of fluorescence enabled electrochemical microscopy (FEEM) in 2013.3 Since then, methods for 707 
improving spatial resolution have been investigated. In 2018, Schuhmann and coworkers 708 
introduced the use of a bundled array of seven BPEs within the SECM tip, which improved the 709 
spatial and temporal resolution of this imaging technique. 96 Inoue and Matsue developed a similar 710 
closed BPE imaging platform, but with the use of an ECL reporting reaction.97 This imaging 711 
platform had several improvements relative to FEEM, such as a more uniform electrode array 712 
without crosstalk and an improved reporting response that lacked the diffusional growth associated 713 
with FEEM. However, the BPEs were still quite large (300-μm diameter), and several 714 
improvements have been made in the past two years.  715 
Xia and coworkers addressed the problem of spatial resolution with FEEM by developing a 716 
highly uniform array of Au nanorod electrodes, which they fabricated via electrodeposition in the 717 
pores of anodic aluminum oxide (AAO) membranes.98 The BPE diameter was tunable depending 718 
on the AAO pore size, and upon polishing of the membrane surface, uniformity in the length of 719 
the BPEs was achieved. Several arrays of BPEs with diameters of 60, 140, and 200 nm and 720 
impressive electrode densities of 7.3901 × 109, 5.7022 × 108, and 5.7022 × 108 electrodes/cm2, 721 
respectively, were fabricated. To verify that the nanoscale BPEs were resolved, microwells were 722 
patterned on the sensing side of the BPE array (Figure 5a). Using this configuration, Xia and 723 
coworkers demonstrated that the BPEs do not experience crosstalk and that the fluorogenic 724 
reporting reaction is able to spatially resolve patterns on the array in the microscale.  The authors 725 
suggest that further improvements to resolution (1 μm or less) can be achieved by limiting the 726 
diffusional growth of the reporting reaction.  727 
Zhang and coworkers addressed the challenge of spatial resolution by not only developing an 728 
improved method for homogenous fabrication of large-scale BPE arrays, but also by utilizing ECL 729 
as a reporting reaction.99 Although their array was not as large as that reported by Xia et al.,98 a 730 
notable 146,000 BPEs, each with a diameter of 8 μm, were fabricated in a 1 x 1 cm2 device. It was 731 
determined that these hexagonally arranged ultra-microelectrodes (UMEs) have a uniform 732 
response and act independently. An injection experiment was performed to evaluate imaging of 733 
variable redox concentrations, where a pressure-driven stream of ferricyanide, aimed at the sensing 734 
BPE poles, was tracked by the reporting poles, a process which is illustrated by Figure 5b. The 735 
ECL intensity was highest at the center of the plume, corresponding to the rapid velocity at this 736 
location. Lastly, the temporal resolution was gauged by imaging the growth of a diffusion layer 737 
over time using a generator-collector configuration. Spatial resolution was limited by the size of 738 
the BPE, but was not limited by the diffusion of the luminescent reporting molecule. Zhang and 739 
coworkers have already studied NP collision events on a UME with an ECL reporting reaction. 44 740 
Therefore, the next step of imaging with BPE arrays may include the ECL imaging of transient 741 
events.  742 
We anticipate that future advancements in the field will center on achieving even more 743 
improved temporal and spatial resolution for imaging with BPE arrays. Both array-based 744 
techniques described above offered impressive advantages with regards to BPE array size and 745 
uniformity. Future challenges with smaller electrode sizes may include difficulties in achieving a 746 
sufficiently high current density to meet the threshold for the ECL reaction. This challenge could 747 
be addressed by increasing the surface area of the sensing poles of the BPE array. Although the 748 
quantum yield of fluorogenic reactions tends to be higher than ECL reactions, their excited states 749 
tend to also be longer, thereby contributing to a decreased spatial resolution through their diffusion. 750 
Once the requisite spatial resolution is achieved, BPE array imaging will be highly useful for 751 
imaging biological systems such as individual cells or tissues and for the study of transient events.  752 
 753 
10. Spectroscopic techniques paired with bipolar electrochemistry 754 
While faradaic reporting reactions have provided a wealth of information about the 755 
distribution of the interfacial potential and reaction rates at BPEs, their accuracy is limited. Both 756 
spatial and temporal inaccuracies arise because the signal depends upon many variables, including 757 
mass transport of reactants, co-reactants, or electrolyte ions (e.g., K+ into PB), the efficiency of 758 
electron-to-photon conversion, photobleaching, local pH, and the kinetics of the reporting reaction 759 
itself, which for many reporting strategies involves an inner-sphere electron transfer. Therefore, 760 
the conditions under which faradaic reporting reactions produce a signal that is linearly related to 761 
current are narrowly defined. Further, these reactions are not ‘innocent bystanders’ but can limit 762 
the current themselves – an effect that is particularly pronounced for AC techniques. To address 763 
these limitations, BPEs have been paired with spectroscopic techniques, which can be utilized to 764 
probe charged density directly or to monitor fast reactions. Therefore, methods such as surface 765 
plasmon resonance (SPR) and surface-enhanced Raman spectroscopy (SERS) offer a means to 766 
further the fundamental understanding of bipolar electrochemistry. 767 
SPR imaging, as a technique, is sensitive to surface changes because it monitors the 768 
synchronous oscillation of conduction electrons (plasmons) at the electrolyte-metal interface under 769 
excitation with polarized light. An absorption maximum occurs at an angle of incidence where 770 
resonance is greatest, and this maximum depends sensitively on electron density within the metal 771 
and the chemical environment at the interface. Wang and coworkers built on their previous 772 
research, which demonstrated the correlation between resonance angle and interfacial potential at 773 
a rectangular BPE,100 by utilizing SPR microscopy to visualize the distribution of interfacial 774 
potential along BPEs with several distinct shapes (Figure 5c).101 The line of zero potential, 775 
denoted by a dashed line in Figure 5, was successfully imaged using SPR microscopy and the 776 
location matched well to that predicted by numerical simulations. Importantly, the potential 777 
distribution was visualized in the absence of faradaic reactions – only charging of the electrical 778 
double layer occurred. This study, therefore, added to the fundamental understanding of these 779 
charging processes on BPEs. Such a system is difficult to interrogate with reporting reactions, 780 
which rely on electron transfer. It should be noted that this technique is limited by the BPE 781 
material. For example, Au, as was used in this study, can facilitate an SPR response, while glassy 782 
carbon or ITO cannot. The developed SPR imaging technique sets the groundwork for visualizing 783 
impedance-based processes on BPEs, as well as other high-frequency applications that are difficult 784 
to analyze with reporting reactions that are kinetically limited.  785 
The chemical specificity of SERS has been used previously to analyze electrodeposited 786 
chemical gradients along the length of a BPE,102 and in a recent advancement, the Shannon group 787 
characterized surface processes that varied in two dimensions.103 Using bipolar electrodeposition, 788 
a compositional gradient of Ag/Au was deposited along the length of a stainless steel parent BPE, 789 
which was subsequently cut and rotated by 90 degrees to form a new BPE. The new BPE had an 790 
alloy gradient in the x-dimension (along its width) and a gradient in overpotential in the y-791 
dimension (along its length). Next, this Ag/Au surface was modified with 4-nitro-thiophenol (4-792 
NTP) surface assembled monolayers (SAMs). 4-NTP was selected because it is Raman active in 793 
both its reduced and oxidized forms and because the reduction mechanism of 4-NTP depends on 794 
the alloy composition. To collect a SERS image, the laser excitation source was rastered across 795 
the BPE. This 2-D map of the oxidation state of 4-NTP allowed for the impact of alloy composition 796 
and overpotential on the reduction reaction to be determined.  It was proposed that bipolar Raman 797 
spectroelectrochemistry would be highly useful for screening and characterizing electrocatalysts 798 
because of the ease with which 2-D data sets could be obtained.  799 
As is demonstrated by these recent examples, spectroscopic techniques used to monitor bipolar 800 
electrochemical processes can yield valuable information that cannot be conveyed by faradaic 801 
reporting reactions. Specifically, these techniques provide insight into interfacial potential or 802 
chemical composition and do so with high spatial resolution (dictated by the laser spot size) and 803 
temporal resolution of less than a millisecond (for a single position). This last feature promises to 804 
allow for high-frequency electrochemical processes to be monitored. The ability to perform 805 
electrochemical impedance spectroscopy (EIS) in the context of BPEs would be highly valuable 806 
because this method can yield kinetic information and can be used to perform impedimetric 807 
sensing. One area of future development for these spectroscopic techniques is to better 808 
complement the advantages of BPEs in sensing and screening applications – for example, 809 
spectroscopic techniques with arrayed detectors would match the ability of BPEs to be 810 
multiplexed.  811 
 812 
11. Nanoscale bipolar electrochemistry 813 
Electrochemical measurements collected at the nanoscale are of interest due to 814 
corresponding gains in spatial and temporal resolution, the dominance of surface-driven 815 
electrokinetic phenomena, and an enhanced ability to measure events arising from individual 816 
entities. For example, nanoscale electrodes provide the resolution necessary to observe the 817 
millisecond-scale release of catecholamines from a single chromaffin cell.104,105 Further, 818 
nanoconfinement leads to the formation of steep gradients in electrical potential and chemical 819 
species concentrations that can drive rapid or selective mass transport, which has been leveraged 820 
for kinetic measurements,106 chemical separations,107 and charge storage applications.108 Finally, 821 
a key motivation for nanoscale electrochemistry is that measurements made on ensembles obscure 822 
the heterogeneity extant among single entities,109–111 such as individual cells,112 enzymes,113 823 
nanoparticle catalysts,114,115 or nanobubbles.116–119 This variability is not only meaningful, but can 824 
also dominate the behavior of the ensemble. These diverse areas of impact, coupled with the 825 
eminent scalability of BPEs, have motivated the development of bipolar electrochemistry at the 826 
nanoscale.120–123  827 
BPEs are advantageous in the context of nanoscale electrochemistry because no wired 828 
contact is required to make an electrical connection to the electrode. However, one challenge that 829 
is encountered in the implementation of nanoscale BPEs in an open configuration is illustrated by 830 
Eq. 1: the smaller the BPE, the larger the driving potential required to obtain a sufficiently high 831 
potential drop across the electrode length. This challenge is addressed by confining the BPE in a 832 
small volume, thereby focusing the voltage drop to the vicinity of the BPE.48,121,124 The 833 
confinement strategies employed for the recent advancements in nanoscale bipolar 834 
electrochemistry reviewed here incorporate nanochannels and nanopipettes.  835 
To better understand coupled electrokinetic and electrochemical processes at the nanoscale, 836 
Pennathur and coworkers devised a series of experiments and computational models to study the 837 
charging and discharging behavior of a BPE confined within a nanochannel.108,125,126 First, the 838 
authors modeled the charging of the BPE, the electrode polarization, charge transfer kinetics, and 839 
mass transport that occur under an applied potential.125 Then, the group experimentally observed 840 
transient electrokinetic effects through the distribution of ions over time upon removal of an 841 
externally applied electric field. While the ions observed directly are fluorophores, the pH-842 
dependent modulation of their fluorescence and O2-dependent quenching (for fluorescein) also 843 
provide evidence for the presence of other chemical species. Through a well-designed set of 844 
experiments, the authors were able to demonstrate that the electrokinetic enrichment of an anionic 845 
fluorophore is initiated after an applied external electric field is removed. This anion enrichment 846 
is driven by galvanic relaxation of the BPE via water oxidation and the concurrent need to maintain 847 
electroneutrality. This phenomenon is not observed at micro-confined BPEs because of the 848 
gravitational flow that follows the cessation of electroosmotic flow (EOF) and also because of the 849 
relatively low number of impacted fluorophores close to the BPE compared to the bulk solution. 850 
Lastly, the group corroborated their experimental results by modeling the discharging behavior of 851 
a nano-confined BPE upon removal of an applied external electric field.108 It was found that after 852 
the applied voltage is removed, the EDL continues to keep the BPE polarized, while counterions 853 
are attracted to the poles to re-establish neutrality. This enhancement can be confined to one end 854 
of the BPE, depending on surface effects such as oxidation. The authors hypothesize that this 855 
information is useful for BPE-based charge storage applications. 856 
BPEs can also be harnessed in nanopipettes to detect single entities and transient events. 857 
In a nanopipette configuration, one driving electrode is placed inside the pipette while the other is 858 
placed in the solution outside the pipette. The BPE is often located within the tip of the pipette, 859 
completely separating the two solutions. Zhang and coworkers adopted a similar strategy to 860 
develop a nano-cell with the capability to detect single redox molecules.121 In their configuration, 861 
a Pt particle acting as a BPE was deposited at the tip of a nanopipette that was filled with a resazurin 862 
solution. Clever attributes of the nano-cell, such as a small reaction volume inside the pipette tip 863 
that allowed for high signal/background ratios and an increased probability of each resazurin 864 
molecule undergoing a faradaic reaction, allowed for the detection of single redox events.  865 
In a separate study schematized in Figure 6a, Zhang and coworkers used a nanopipette 866 
configuration to detect bipolar electrochemical processes occurring on the surface of freely moving 867 
Ag NPs.124 Resistive-pulse sensing was utilized to detect the blockage of the nanopipette tip by a 868 
Ag NP. In resistive-pulse sensing, the current is measured between the two driving electrodes, 869 
where one driving electrode is inside the pipette. When a blockage occurs at the pipette tip, the 870 
ionic resistance through the tip increases and causes a drop in the current. As each Ag NP came 871 
into the vicinity of the pipette tip, it was polarized by the electric field created by the driving 872 
electrodes and acted as a BPE. The Ag NPs paired Ag and water oxidation with Ag and water 873 
reduction. It was observed that the current obtained from these blockages had a larger value than 874 
expected for the size of the NPs. Therefore, it was concluded that water reduction resulted in the 875 
formation of H2 nanobubbles, which increased the apparent size of the NPs. These single entity 876 
and transient examples of bipolar electrochemistry with nanopipettes include important 877 
fundamental advancements that will aid in the expansion of the field for nano-catalyst screening 878 
and bubble nucleation studies.  879 
Another important application of nanopipettes is the analysis of live cells. For example, 880 
Long and co-workers used resistive pulse sensing and a modified nanopipette BPE to detect 881 
nicotinamide adenine dinucleotide (NADH) in live cells.127 An exciting recent example of live cell 882 
analysis was completed by Chen, Sojic, and coworkers who utilized a luminol reporting reaction 883 
to detect small molecules and enzymes contained in a live cell.48 A porous Pt BPE was deposited 884 
in the tip of the nanopipette, and upon insertion of the tip into the cell, intracellular molecules 885 
could travel through the porous structure to interact with enzymes in the pipette that resulted in 886 
hydrogen peroxide formation, thereby generating an ECL response. Using this approach, hydrogen 887 
peroxide and glucose, as well as sphingomyelinase activity, were detected before and after the cell 888 
was stimulated, and a notable change in luminescence was observed, as seen in Figure 6b. This 889 
advancement offers an exciting strategy for electroanalysis of the contents of live cells.  890 
Finally, nanoscale bipolar electrochemistry aided in the characterization of short-lived 891 
reaction intermediates. Hu et al. interfaced a nanopipette BPE with electrospray ionization mass 892 
spectrometry (ESI-MS) to detect the transient species present during the first step of multi-step 893 
electrochemical reactions.128 The identities of many long sought-out intermediates were confirmed 894 
with this technique, such as the cation radical intermediate of TPA in an ECL reaction. The strength 895 
of this hyphenated technique is the rapid transfer of reaction intermediates from the BPE to the 896 
sample port of the ESI-MS. Electroanalysis has long contributed to our understanding of the 897 
mechanisms and thermodynamics of chemical reactions, and this study lays a foundation for future 898 
integration of electrochemistry, carried out at BPEs, with downstream analytical methods that 899 
provide information about chemical composition and structure.  900 
These recent advancements examine coupled electrochemical and electrokinetic 901 
phenomena at nanoconfined BPEs and leverage their high spatiotemporal resolution to interrogate 902 
single entities, to probe the interior of living cells, and to elucidate reaction mechanisms. A 903 
particularly compelling future direction for nanoscale bipolar electrochemistry is array-based 904 
sensing of many particles, enzymes, or small molecules in parallel. Such an achievement would 905 
allow for statistically meaningful data to be obtained concerning, for example, exceptionally high 906 
catalytic activity in a subset of particles. An important challenge is the correlation of compositional 907 
or structural information with the observed functional outcomes.129 This challenge motivates the 908 
development of techniques that allow for multimodal analysis. 909 
 910 
12. Electrokinetic focusing techniques using BPEs 911 
Electric field gradient focusing is a group of electrokinetic techniques where a charged 912 
species is focused at a specific axial location along an electric field gradient due to the balance 913 
there between convection and its electrophoretic velocity. A steep electric field gradient can be 914 
formed by the creation of an ion depletion zone (IDZ), an area in which the lack of ions in solution 915 
increases the solution resistance. Such an IDZ can be formed by ion concentration polarization 916 
(ICP), which occurs in response to a voltage bias applied across an ion permselective membrane 917 
or a charged nanopore. 130 However, Crooks and coworkers introduced a method that employs 918 
faradaic reactions to create the IDZ through neutralization of ions of the electrolyte.14 Such 919 
faradaic ICP (fICP), when implemented at a BPE, paired the reduction and oxidation of water. 920 
Water reduction promoted neutralization of the buffer cation, TrisH+, with the formed OH- to 921 
create an IDZ at the BPE cathode. Likewise, the protonation of Tris with H+ generated at the BPE 922 
anode led to the formation of an ion enrichment zone (IEZ). BPEs, in combination with fICP, are 923 
advantageous because the method provides a simpler mechanism for enrichment and separation of 924 
analytes by obviating the need for nanochannel fabrication or the addition of ion permselective 925 
membranes to microfluidic devices.  926 
In 2018, Crooks and coworkers developed an fICP-BPE device where a branched 927 
microchannel was used to redirect a fluorescent dianion and charged polystyrene microbeads.131 928 
The BPEs only partially extended into the channel, allowing for redirection instead of the creation 929 
of an enriched plug of microbeads. Recently, they extended this work by introducing the concept 930 
of serial fICP.17 Two BPEs are used in series and powered by a shared supply to facilitate fICP for 931 
the continuous focusing, sorting, and separation of microbeads with differing electrophoretic 932 
mobilities in a trifurcated microfluidic channel, shown in Figure 7a. The two BPEs are on opposite 933 
sides of the microchannel so that the first BPE focuses the charged species towards the second 934 
BPE, allowing the charged species to better interact with the electric field gradient generated at 935 
the second BPE, leading to higher efficiency separation. This approach not only constitutes a 936 
fundamental advancement in fICP, but also establishes a method for continuous separation of 937 
microplastics from water.  938 
This application showcases a distinct advantage of BPEs in the implementation of fICP – 939 
a single power supply accomplished application of the electric field required for focusing and the 940 
actuation of tandem BPEs employed for pre-focusing and sorting. There are several opportunities 941 
for the future advancement of fICP facilitated by BPEs. First, enrichment and separation by fICP 942 
are characterized by low volumetric throughput (𝜇L/min) because the electric field gradients 943 
generated at planar electrodes do not extend the full channel height, and fluidic instability arising 944 
from these gradients leads to unwanted mixing at larger length scales. Therefore, the extension of 945 
fICP to sample preparation and purification will benefit from the development of parallel focusing 946 
units with 3D or porous BPEs. Second, the paradigm of buffer neutralization to form an IDZ limits 947 
fICP to enrichment and separation of analytes in buffer solutions, in which the counter ion (buffer 948 
cation for an anionic analyte) is neutralized. In a biofluid, with a native carbonate buffer, only 949 
cationic analytes can be focused, and background salts, which are not neutralized, negatively 950 
impact the efficiency of focusing. For this reason, the advancement of electrochemical methods to 951 
deplete electrolyte ions by alternative mechanisms is critically important. Finally, following fICP 952 
focusing of an analyte, few means of characterizing the analyte in situ have been reported. Given 953 
the dual functionality of BPEs for facilitating electrokinetics and for sensing, a natural extension 954 
of this field is the integration of BPE-based enrichment, separation, and sensing in a single 955 
platform. 956 
 957 
13. Dielectrophoretic techniques using BPEs 958 
DEP is a phenomenon in which a dielectric particle moves in response to an electric field 959 
gradient. Depending on the complex permittivity of the particle and the frequency of the electric 960 
field applied, particles will either move in the direction of an increasing electric field, exhibiting 961 
positive DEP (pDEP), or will be repelled by an increasing electric field, exhibiting negative DEP 962 
(nDEP), schematized in Figure 7b. DEP is often used as a contactless method to sort and separate 963 
particles, such as particulate contaminants and cells.132–134 DEP is particularly useful for the 964 
evaluation of tumor tissue because, at an appropriate medium conductivity and electric field 965 
frequency, it can be employed to selectively repel healthy cells while attracting cancer cells to 966 
electrodes. The viability of the cells is maintained for later analysis. BPEs are advantageous in the 967 
context of DEP because they can be readily integrated into microfluidic devices, miniaturized, 968 
arrayed, and photolithographically fabricated in any number of designs, all without the 969 
requirement of creating a wired contact to a power supply. The BPE acts as a conduit to focus the 970 
electric field in solution, where the strongest electric field is located at the tips of the electrode, 971 
and a local minimum is defined across the BPE midline. Our group has also demonstrated that 972 
BPE length and shape, along with other variables, can be used to control the number of cells 973 
captured at BPE tips.11 For these reasons, BPEs provide a convenient means by which to define 974 
parallel or serial dielectrophoretic capture points.   975 
Recent contributions to the field of DEP using BPEs include advances in methods 976 
employed for the individual isolation and analysis or continuous sorting of cells, beads, or 977 
droplets.12,116,135–138 In 2017, our group interconnected up to 32 parallel microfluidic channels with 978 
an underlying array of BPEs, with tips aligned to cell-sized micropockets, for high-fidelity 979 
isolation of individual tumor cells.13 Blood cells were repelled from the BPEs and flowed through 980 
unimpeded to the outlet. Jiang and coworkers recently built upon this work, using a similar 5-981 
channel device for binary fractionation – yeast cells were retained in large clusters within the first 982 
few rows of pockets, while polystyrene beads were focused along the centerline of each channel.136 983 
Their work demonstrates a ‘filtration’ mode of operation, in which the balance of forces more 984 
heavily favors DEP.  985 
These authors also demonstrated nDEP capture of a single yeast cell or polystyrene particle 986 
at the center of each BPE in an array.138 In this scenario, nDEP served as the capture mechanism 987 
because the center of the BPE has a lower electric field strength compared to the BPE edges. These 988 
particles could also be moved in a controlled manner along the edge of each BPE by using a 989 
rotating AC field. This advancement is significant because of the fine control achieved over a large 990 
array of captured particles. 991 
While these studies demonstrate particle separation and single-cell capture, the devices are 992 
not equipped for subsequent in situ analysis. To address this shortcoming, our group recently 993 
showed that cancer cells can be selectively trapped at BPE tips aligned to cell-sized constrictions, 994 
transferred into nanoliter-scale reaction chambers, and then electrically lysed with another BPE to 995 
permit analysis of cellular contents.12 Integration of selection, isolation, and lysis of cells into a 996 
single platform streamlines their analysis and prevents the loss of rare cells – a feature that is 997 
critical for the development of ‘liquid biopsies’ that isolate circulating tumor cells present at an 998 
abundance of less than one in a billion cells in blood. This process also highlights the 999 
multifunctionality of BPEs for both DEP and electrical lysis and sets the stage for in situ 1000 
electroanalysis. These advancements are important because integrated electroanalytical devices 1001 
are an ideal platform to provide diagnostic information rapidly and at a low cost to the patient. 1002 
 BPEs have recently been leveraged to control the trajectory of particles, in fluid flow, for 1003 
continuous sorting. In two publications, Jiang and coworkers demonstrated that one BPE located 1004 
along the length of a microchannel, and polarized in the transverse direction, generates an axial 1005 
electric field minimum (along its centerline) and maxima (along its edges).116,135 Similarly, two 1006 
BPEs define a multiplicity of minima and maxima. A key advancement is that these authors have 1007 
accounted for the presence of AC-driven rotational fluid flow that plays an important role in 1008 
focusing particles along these potential nDEP and pDEP endpoints. Such devices were utilized to 1009 
sort particles to distinct outlets, to separate large parent droplets from smaller satellite droplets, 1010 
and to control mixing between fluid laminae. These authors further advanced this method by 1011 
creating arc-shaped cutouts along the edge of the BPE to control fluid rotation, which resulted in 1012 
the successful separation of particles by density.137 1013 
Bipolar or floating electrodes are increasingly used in microfluidic devices to actuate a 1014 
DEP response in particles to sort or trap them. An important ‘untapped’ opportunity is the 1015 
implementation of BPEs for both DEP12,13 and electrochemical analysis.139 Such a combination 1016 
will allow for selected populations of cells to be isolated as few or single cells and then 1017 
simultaneously evaluated for biomarkers of diagnostic or prognostic significance. The speed of 1018 
this approach is expected to outstrip previously reported methods that integrate DEP with 1019 
electrochemical analysis at “wired” electrodes – using, for example, SECM.140 Another promising 1020 
research avenue is the integration of BPEs with interdigitated electrodes (IDEs), which are already 1021 
employed separately for pDEP cell capture and for redox cycling. For example, Huang and 1022 
coworkers integrated microscale BPEs between the fingers of a pair of IDEs, which resulted in 1023 
enhanced dielectrophoretic attraction of antigens to surface-immobilized antibodies.141 In this 1024 
context, a dual function of the BPEs for DEP and sensing would provide a spatially defined visual 1025 
readout of the immunoassay. 1026 
 1027 
14. Materials preparation techniques using BPEs 1028 
A recent review by Inagi and coworkers focused on the electrochemical synthesis of 1029 
functional materials by bipolar electrochemistry.142 Electrochemical methods of materials 1030 
preparation are advantageous because they are often more environmentally friendly than 1031 
traditional methods, which employ harsh chemical reductants and oxidants. The specific 1032 
combination of bipolar electrochemistry with materials synthesis has added benefits, such as the 1033 
ease with which gradient materials can be formed on BPE surfaces and the ability to use small 1034 
volumes of electrolytes for synthesis.142 Advancements to BPE-based materials preparation over 1035 
the past two years have focused on simple mechanisms for the simultaneous formation of multiple 1036 
products and the patterned deposition of materials.  1037 
BPEs have recently been used for simultaneous exfoliation and deposition by Wang and 1038 
coworkers to simplify the two-step preparation of materials for capacitive energy storage 1039 
devices.143,144 In two separate studies, reduced graphene oxide143 and phosphorene,144 were 1040 
deposited in layers on the driving electrode of a bipolar electrochemical cell. The source of the 1041 
phosphorous and carbon came from the electrochemical exfoliation of the BPE, composed of 1042 
graphite and black phosphorous, respectively. Exfoliation is achieved by applying a sufficiently 1043 
large potential to induce hydrogen and oxygen evolution reactions on the negative and positive 1044 
poles, which allows for H+ and OH- ions to intercalate into the brittle BPE and disrupt van der 1045 
Waals forces to break off particles. In a similar vein, Xu et al. used the bipolar-electrochemical 1046 
exfoliation of molybdenum disulfide (MoS2) powder to synthesize MoS2 QDs in phosphate 1047 
buffer.145 The QDs had a high quantum yield, low cytotoxicity, were environmentally friendly, 1048 
and could even be used as a dye to stain live bamboo cells. These exfoliation methods employing 1049 
BPEs demonstrate simple and cost-effective mechanisms to form desired materials without the use 1050 
of harsh chemicals.   1051 
BPEs were used to selectively electrodeposit hydrogels for biological applications by Ino 1052 
and Shiku and coworkers.146 Ca2+-alginate hydrogel was electrodeposited on each anode of an 1053 
array of BPEs, and the location of deposition was tuned via the position of the driving electrodes, 1054 
as demonstrated in Figure 7c. Additionally, it was demonstrated that breast cancer cells could be 1055 
captured and kept viable within the hydrogel. The ability to design such cell culture arrays is useful 1056 
for biosensors and the development of tunable cell culture platforms.  1057 
Similarly, Daasbjerg, Pederson, and coworkers harnessed a system where two solution 1058 
phases contacted the BPE to graft distinct films on either end.147 The two-phase system enabled 1059 
electrografting of distinct organic films that otherwise could not be formed in one phase because 1060 
the precursors react together to form a non-grafting product. Specifically, the authors demonstrated 1061 
‘Janus’ film formation by the reduction of an aryldiazonium salt to form 4-1062 
fluorobenzenediazonium tetrafluoroborate (FBD) in water paired with the oxidation of either a 1063 
primary alkylamine to from 4-bromophenethylamine (BPEA) or the electropolymerization of 1064 
thiophene in dichloroethane on a BPE. This two-phase bipolar deposition configuration improves 1065 
upon existing approaches for double film deposition because a two-step method or a special 1066 
grafting agent are not required. The potential of the dual phases to redistribute the interfacial 1067 
potential along the BPE is especially intriguing since it impacts film deposition but could also be 1068 
leveraged to enhance the sensitivity of BPE-based sensors through redistribution of current 1069 
density. 1070 
These recent advancements illustrate the usefulness of BPEs to streamline materials 1071 
preparation methods that traditionally require multiple steps and to deposit materials in array-based 1072 
patterns. Further developments in the field of BPE-based materials preparation will include the 1073 
development of and cost-effective methods for uniform nano- and 2-D materials synthesis for 1074 
energy storage applications, as well as further development of biocompatible materials deposition.  1075 
 1076 
15. Conclusions and Perspective 1077 
In this review, we summarized recent contributions to the field of bipolar electrochemistry in 1078 
the context of analysis. Throughout these discussions, we have identified recent trends, innovative 1079 
directions, and remaining challenges in the field. The research efforts of the past two years have 1080 
sought to 1) improve the sensitivity and selectivity of BPEs as sensors, 2) extract kinetic and 1081 
impedance information through new bipolar electrochemical methods, 3) more fully meet the 1082 
requirements of PON applications – to be affordable, portable, robust, equipment-free, and user-1083 
friendly, 4) integrate multiple functions of analysis such as pre-concentration and separation (and 1084 
for cells, isolation and lysis) with electroanalysis, 4) leverage the ability of BPEs to be scaled down 1085 
and arrayed to provide high-resolution electrochemical imaging, 5) exploit the properties of 1086 
nanoconfined BPEs to control ion transport, to elucidate reaction mechanisms, and to characterize 1087 
heterogeneous populations of cells or particles, 6) broaden sample types and environments for BPE 1088 
sensing to include solid and gaseous electrolytes for applications in photovoltaics and corrosion, 1089 
and 7) simplify materials preparation and patterning. 1090 
As in most scientific fields, there is room for exciting advancements to occur at the interface 1091 
of one or more fields both within and outside of bipolar electrochemistry. Given the enhanced 1092 
sensitivity, selectivity, and information density afforded by pulsed and periodic signals in 1093 
biosensing, the translation of such techniques to bipolar electrochemistry promises to be highly 1094 
impactful. This endeavor poses unique challenges and will benefit from characterization with 1095 
spectroscopic techniques having high temporal resolution, the design of bipolar electrochemical 1096 
cells that minimize the RC time constant, and the development of reporting reactions tailored for 1097 
intense, rapid signaling. Similarly, there exists a clear divide between sensing and electrokinetic 1098 
bipolar electrochemical techniques, yet they are complementary in their benefits, and therefore, 1099 
innovations at this interface are anticipated. The advancement of BPEs also intersects with allied 1100 
fields, such as the development of ePADs and portable equipment for PON applications. For 1101 
example, the integration of wireless energy transfer with SEES or BPEs lays a foundation for 1102 
multiplexed, paper-based sensors that, by simply being placed on the power supply, can be 1103 
subjected to constant or sweeping potential and provide a visual readout.  1104 
In addition to these ongoing advancements and emerging opportunities, there are important 1105 
challenges that impede the progress of bipolar electrochemistry. For instance, the implementation 1106 
of vast arrays of BPEs in imaging applications that require large areas or integration into 1107 
microfluidic devices will require new methods to fabricate large arrays of uniform BPEs in durable 1108 
materials. Further, practical application of BPEs in resource-limited settings and for in situ 1109 
characterization of electrochemical systems is hindered by the dominance of liquid phase reporting 1110 
reactions and would benefit greatly from the expansion of options for solid-state reporting. In these 1111 
same applications, while progress has been made in the development of ‘outlet-free’ power 1112 
sources, there remains a need for strategies to maintain a constant potential bias and to store 1113 
reagents stably in galvanic or cascade BPE cells. Finally, as we drive from ensemble to single-1114 
entity measurements, there is a need for complementary spectroscopic and spectrometric methods 1115 
to establish structure-function relationships.  In conclusion, bipolar electrochemistry is a vibrant 1116 
research field that poses important scientific challenges and provides innovative solutions to long-1117 
standing problems in analysis. Following an evaluation of the advancements of the past two years, 1118 
it is clear that this field has not yet peaked – the number of opportunities is growing. 1119 
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Table 1. Relative advantages and disadvantages of selected recent and established reporting 1636 




Figure 1. a) Schematic illustration of a closed BPE sensor employing an MB-tagged aptamer at 1641 
the cathode and a PB electrochromic film at the anode. In the absence of the target analyte, the 1642 
electron transfer resistance for MB is high, leading to a very slow reaction. Upon target binding, 1643 
the aptamer alters its conformation allowing the MB to undergo more rapid charge transfer. 1644 
Ferricyanide catalyzes the regeneration of MB, thereby increasing the current density and the 1645 
rate at which PW is oxidized to form PB. b) At left is an illustration of nine microwells on a 1646 
SEES. A driving potential is applied across a continuous ITO film having sufficient sheet 1647 
resistance to support a potential drop along its length. The resulting gradient in interfacial 1648 
potential facilitates paired faradaic reactions within each well. At right is an image of ECL 1649 
emission arising from the oxidation of luminol-hydrogen peroxide at the anodic pole of each 1650 
microwell of the SEES. a) Adapted from Zhang, X.; Lazenby, R. A.; Wu, Y.; White, R. J. Anal. 1651 
Chem. 2019, 91 (17), 11467–11473 (ref. 57). Copyright 2019 American Chemical Society. b) 1652 
Reproduced from Gao, W.; Muzyka, K.; Ma, X.; Lou, B.; Xu, G. Chem. Sci. 2018, 9 (16), 3911–1653 


















Figure 2. a) Schematic of a SEES powered by a wireless energy transfer device, which is 1670 
denoted by the orange coils. A module accomplishes DC-to-AC conversion prior to transfer, 1671 
while a diode in series with the SEES rectifies the signal. A rectangular gasket defines a single 1672 
fluidic reservoir. b) Schematic of a rotating BPE with an ECL reporting reaction. When the BPE 1673 
lies parallel to the potential gradient generated by the driving electrodes, ∆𝐸./.'+0,1.	is 1674 
sufficiently large to drive paired reactions on the BPE (water reduction and oxidative ECL from 1675 
Ru(bpy)32+ and TPA). As the BPE moves to a conformation perpendicular to the electric field, 1676 
the luminescence diminishes with the gradual decrease in ∆𝐸./.'+0,1. . Rotation is induced on the 1677 
Au-coated Fe BPE by a magnetic stir plate placed under the electrochemical cell. a) Reprinted 1678 
from Electrochim. Acta, Vol. 308, Ma, X.; Qi, L.; Gao, W.; Yuan, F.; Xia, Y.; Lou, B.; Xu, G. A 1679 
Portable Wireless Single-Electrode System for Electrochemiluminescent Analysis. 20–24 (ref. 1680 
47). Copyright 2019 with permission from Elsevier. b) Reproduced from Dauphin, A. L.; 1681 
Akchach, A.; Voci, S.; Kuhn, A.; Xu, G.; Bouffier, L.; Sojic, N. J. Phys. Chem. Lett. 2019, 10 1682 
(18), 5318–5324 (ref 82). Copyright 2019 American Chemical Society.  1683 







Figure 3.  Schematic of a paper-based BPE biosensor for micro-RNA-155 (miRNA-155). The 1690 
cathode of the Au BPE is modified with Hairpin 1 (H1) and mercaptohexanol (MCH). During 1691 
operation, the target (miRNA-155) hybridizes to and opens H1. Hairpin 2 (H2) preferentially 1692 
hybridizes to the open H1 structure and releases the target, which goes on to open other H1 1693 
structures. An AuPd-NP-tagged complementary strand (S1) hybridizes to H2 and catalyzes the 1694 
reduction of hydrogen peroxide. The co-oxidation of Ru(bpy)32+ and TPA yields an ECL 1695 
response on the reporting pole of the BPE. Reprinted from Biosens. Bioelectron., Vol. 150, 1696 
Wang, F.; Fu, C.; Huang, C.; Li, N.; Wang, Y.; Ge, S.; Yu, J. Paper-Based Closed Au-Bipolar 1697 
Electrode Electrochemiluminescence Sensing Platform for the Detection of MiRNA-155. 1698 






















Figure 4. a) Fluorescence images of a PLEC. The n- and p-doped regions of the polymer grew 1721 
out of the circular BPEs arranged along the centerline of the cell after 200 V was applied to the 1722 
driving electrodes (at the top and bottom of the image). b) Schematic illustration of a bipolar 1723 
electrochemical cell, in which a gas (acidic vapors) was employed as the electrolyte. The steel 1724 
block BPE is placed on an inert pedestal so that there is no contact between the acidic solution 1725 
and the BPE. The acidic solution is heated to boiling. A driving voltage is applied to induce 1726 
paired redox reactions on the BPE. a) Reprinted from Electrochim. Acta, Vol. 304, Hu, S.; Gao, 1727 
J. The Dynamic Bipolar Electrode in Polymer Light-Emitting Electrochemical Cells. 184–191, 1728 












Figure 5. a) i. The scheme depicts microwells defined by a photoresist film (dark brown) 1740 
overlying the sensing poles of an array of nanoscale Au BPEs employed for imaging. ii. 1741 
Fluorogenic oxidation of Amplex Red to resorufin used for FEEM. iii. Brightfield micrograph of 1742 
the microwells on the nanoscale array (scale bar, 50 μm). The inset depicts a microwell 1743 
containing about 400 nanoelectrodes (scale bar, 5 μm). iv. Fluorescence micrograph of the 1744 
microwells with embedded nanoelectrode array during the coupled reduction of ferricyanide and 1745 
oxidation of Amplex Red (scale bar, 50 μm). b) At top, schematic illustration of the experimental 1746 
configuration employed to image a pressure-driven stream of ferricyanide solution impinging on 1747 
an array of UMEs. The ferricyanide reduction is paired to Ru(bpy)32+ and DBAE co-oxidation 1748 
resulting in the time-lapse luminescence images shown beneath the scheme. c) 2D plots showing 1749 
the distribution of interfacial potential as determined by SPR imaging on five Au BPEs having 1750 
distinct geometries. The dashed line represents the line of zero potential, and the driving 1751 
potential is applied in the direction of the arrow shown at left. a) Adapted from Qin, X.; Li, Z.-1752 
Q.; Zhou, Y.; Pan, J.-B.; Li, J.; Wang, K.; Xu, J.-J.; Xia, X.-H. Anal. Chem. 2020, 92 (19), 1753 
13493–13499 (ref. 98). Copyright 2020 American Chemical Society. b) Adapted from Anderson, 1754 
T. J.; Defnet, P. A.; Zhang, B. Anal. Chem. 2020, 92 (9), 6748–6755 (ref. 99). Copyright 2020 1755 
American Chemical Society. c) Adapted from Li, M.; Liu, S.; Jiang, Y.; Wang, W. Anal. Chem. 1756 
2018, 90 (11), 6390–6396 (ref. 101). Copyright 2018 American Chemical Society. 1757 
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Figure 6. a) At left, an illustration depicting a vertical cross-sectional view of a nanopipette 1760 
across which a voltage is applied. Ag NPs are detected as they occlude the opening at the tip of 1761 
the pipette, thereby increasing the resistance to ionic current. When a NP translocates to the tip, 1762 
it is polarized by the electric field and facilitates water electrolysis. Water reduction results in H2 1763 
bubble nucleation, which further blocks the tip. At right, a plot of the current measured across 1764 
the nanopipette tip as a function of time. Each resistive pulse is caused by a NP blocking the 1765 
pipette tip. The height of these pulses is amplified by bubble formation. b) Micrographs of BPE-1766 
containing nanopipettes inserted into live cells. Brightfield (top row), fluorescence (middle row), 1767 
and overlaid (bottom row) images are shown for nanopipettes designed to detect hydrogen 1768 
peroxide (left column), glucose (middle column), and sphingomyelinase (SMase) activity (right 1769 
column). The cells for hydrogen peroxide and SMase activity detection were stimulated to 1770 
increase cellular response. a) Reproduced from Han, C.; Hao, R.; Fan, Y.; Edwards, M. A.; Gao, 1771 
H.; Zhang, B. Langmuir. 2019, 35 (22), 7180-7190 (ref. 124). Copyright 2019 American 1772 
Chemical Society. b) Adapted from Intracellular Wireless Analysis of Single Cells by Bipolar 1773 
Electrochemiluminescence Confined in a Nanopipette, Wang, Y.; Jin, R.; Sojic, N.; Jiang, D.; 1774 







Figure 7. a) Top view schematic of a trifurcated microfluidic channel equipped with BPEs for 1780 
serial fICP. Microbeads (green and orange circles) are flowed into the channel (from right to left) 1781 
and then sorted into separate outlets based on their distinct electrophoretic mobilities (μep). The 1782 
electric field generated by fICP on BPE1 focuses the microbeads towards the opposite side of the 1783 
channel so that they approach nearer to BPE2. The electric field generated by fICP on BPE2 1784 
deflects the microbeads into separate microfluidic branches. b) Schematic top view illustration of 1785 
a microfluidic channel with a pocket embedded in the wall and aligned to the tip of a BPE. Cells 1786 
with distinct dielectric properties are carried by convection along the channel and are either 1787 
attracted to the BPE tip by positive DEP (pDEP) or repelled from it by negative DEP (nDEP). 1788 
The size of the pocket delimits the number of cells that can be captured. c) Scheme (top) and 1789 
corresponding images (bottom) show targeted hydrogel growth on eight BPEs. The hydrogel 1790 
growth is controlled by the position of the driving electrodes. a) Reproduced from Davies, C. D.; 1791 
Crooks, R. M. Chem. Sci. 2020, 11 (21), 5547–5558 (ref. 17). Published by The Royal Society 1792 
of Chemistry. b) Reproduced from Li, M.; Anand, R. K. Chem. Sci. 2019, 10 (5), 1506–1513 1793 
(ref. 12). Published by The Royal Society of Chemistry. c) Reproduced from (ref.146) with 1794 
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